We investigate finite pulse effects in self-amplified spontaneous emission (SASE), especially the role of coherent spontaneous emission (CSE) in the start and the evolution of the free-electron laser (FEL) process. When the FEL interaction is negligible, we solve the one-dimensional Maxwell equation exactly and clarify the meaning of the slowly varying envelope approximation (SVEA). In the exponential gain regime, we solve the coupled VlasovMaxwell equations and extend the linear theory to a bunched beam with energy spread. A time-dependent, nonlinear simulation algorithm is employed to study the CSE effect for a general beam distribution.
INTRODUCTION
Coherent spontaneous emission (CSE) has attracted much attention as the electron bunches become shorter and more intense in current experiments demonstrating the principle of self-amplified spontaneous emission (SASE). The onedimensional (1D) theory of SASE [I, [4], the evolution of the electric field is studied with the individual particle formulation for a bunched monochromatic beam, and the contribution of the incoherent and the coherent SASE are identified. In this paper, we extend the linear theory to a bunched beam with energy spread and calculate the effect of CSE for the high gain FEL. We also present a time-dependent, nonlinear simulation algorithm that takes CSE into account for an arbitrary beam distribution.
COHERENT SPONTANEOUS EMISSION
The ID Maxwell equation for the transverse electric field of a plane wave propagating along the undulator axis I is where po is the permeability of free space, and the charge density term is absent here due io transverse uniformity. In tbe absence of FEL interaction, the electric field in the form E l = ZE(t, t ) + c.c is found to be
where lil = ecZoK/(4uyo). 20 = cpo sz 3770. and the forward and the backward wavenumbers are Equation (3) describes a sum of N forward and backward wave packets, with the forward wave packets having much higher amplitude and shorter duration due to relativity.
For coherent spontaneous emission, we can define a relative position ( = I -pct along the bunch and turn the sum into an integral by using the smooth approximation where no is the maximum line density and x(<) is the initial bunch density function (0 5 x(() 5 1). For a single-step pulse, x(() = e(-(), the electric field in front of the pulse
Only the forward wave component is present as expected.
The constant term terminates the field at the slippage dis- Thus, the CSE effect should be negligible for the proposed x-ray FEL projects, but may play a significant role in current experiments in the IR and visible region. We note that the flat-top model requires the electron density to vanish within A, and tends to exaggerate the coherent effect.
LINEAR ANALYSIS
For FEL. interaction, the backward wave is dropped and the slowly varying envelope approximation (SVEA) is invoked in the form
J ( z , t ) = J(2, t)e
where E and J are assumed to vary slowly with I and t.
The Maxwell equation becomes
It is convenient to define the electron coordinate as and change the independent variables from ( 2 , t ) to (.,e).
From Eq. (2) , the transverse current is where 0, = -kfctj. 
A -? ej
The A-integration is along a straight path parallel to the real axis and below all singularities of the integrand. It is nonzero only when 0 -0, < k,t or 5 -Cj < 4 (the slippage length). Hence the total electric field at 0 is the sum of fields that originated from the discrete radiators prior to 0 hut within the slippage length. The electron gain medium is treated as a continuous fluid la Vlasov and is justified in Ref. 
SIMULATION ALGORITHM
In order to handle a general beam distribution and to study the nonlinearregime, we have developed a simulation code that is based on the individual particle formulation of FEL equations:
where Z = 2k,pz, 7 j = q/p, and a = 2pekuE/(nln,)
is the scaled electric field. Equation (25) We modify this time-dependent approach to include the CSE effect by decreasing the sampling interval to cover the resonant part of the bunch spectrum. For example, we can divide the bunch into SN, sections so that the critical frequency is 4ckf. The spectral power outside this frequency range should be sufficiently small to eliminate the effect of aliasing. The electric field is computed and averaged over the resonant wavelength, in consistent with the slowly varying envelope approximation. Compared with the multi-frequency approach to CSE simulation [8] , the time-dependent approach is more straightforward and can include the shot noise in a natural way. Figure 1 shows an example of simulation where we have intentionally turned the noise off. The bunch is assumed to be longer than the slippage length. CSE from the trailing part of the bunch within the slippage length (i.e., 0 < 2p6 < 2 ) has been amplified and is shown in Fig. l(a) for a case without initial energy spread and in Fig. l(b) for the case with a flattop energy spread of width p. Figure l(a) agrees very well with the calculation of Eq. (19). Such a simulation technique is also capable of studying the nonlinear behavior of the incoherent and the coherent SASE.
